Abstract. This paper deals with the validation of the multiple scattering corrections developed in the CONRAD code for the capture yield calculations in the Resolved Resonance energy Range (RRR). In order to calculate the capture yields, analytic and stochastic calculation schemes implemented in CONRAD are described and compared with the analysis code SAMMY/SAMSMC. The results are in excellent agreement for a variety of samples. We concentrate the discussion here on 238 U, 197 Au and 55 Mn.
Introduction
CONRAD [1] is dedicated to nuclear reaction cross section evaluation and related variance-covariance matrices from thermal up to the fast energy range. The aim of this note is to validate the capture yield calculations in the Resolved Resonance energy Range (RRR).
The cross section calculations performed with CONRAD are compared with the reference code NJOY [2] . Transmissions and capture yields are compared with the Resonance Shape Analysis codes REFIT [3] and SAMMY/SAMSMC [4] . The nuclear reaction models implemented in the code for the RRR are the Reich-Moore and the Multilevel Breit-Wigner approximations of the R-Matrix theory. The details of the validation of cross section and transmission calculations can be found in Refs. [5] - [7] . In general, the calculation with CONRAD are in perfect agreement with NJOY using the Multilevel Breit-Wigner or the Reich-Moore nuclear reaction model. As a transmission is a trivial functional of the total cross section, its calculation is also in excellent agreement and has been checked against REFIT code in Ref. [7] . In capture measurements, due to neutron energy loss in the sample, an additional experimental correction is made: the multiple scattering corrections.
After a short description of the problematics in section 2, comparisons for 238 U, 197 Au and 55 Mn samples are presented in sections 3, 4 and 5, respectively. various configurations, we must be able to calculate as precisely as possible the capture yield. This is the main goal of this paper.
The capture yield of a neutron at energy E by a nucleus can be decomposed in three parts:
where Y 0 (E) stands for the primary capture yield (neutron is directly captured without being scattered), Y 1 (E) stands for the single scattering correction (neutron is captured after one single scattering) and Y n (E) stands for the double-plus scattering correction (neutron is captured after at least two scatterings). The mathematical expression for the primary capture yield is the simplest one. It is the product of the probability for the neutron to travel up to a distance z in the sample without interaction and the probability of this neutron to be captured between z and z + dz: Details can be found in Ref. [10] . Due to its complexity, the computation of the Y n component requires at least two approximations: a uniform spatial distribution and an isotropic angular distribution of the neutrons in the sample after two scatterings. This double-plus scattering correction is valid for thin samples where Y 0 and Y 1 are the predominant corrections (see also [10] for details).
At the time being, only analytic Y 0 and Y ∞ 1 components are implemented in the code. Y ∞ 1 corresponds to infinite samples, or samples with radius larger than beam radius R s >> R n in regard to the neutron mean free path.
A Monte Carlo simulation (MC) of the neutron transport in the sample is also available in CON-RAD for all multiple scattering corrections. A non-analog simulation with implicit capture and russian roulette was implemented in the code. This means that at each interaction event, the probability of neutron capture is taken into account by reducing the neutron weight according to the ratio of capture and total cross section. The scattered neutron is tracked down to a given statistical weight limit depending on the roulette threshod. This limit is implemented in order to avoid too time consuming long histories.
The simulation can be performed in time or in energy using different kind of tallies. We have to keep in mind that the capture yield given by Eq. (1) is the proportion of neutrons captured at energy E even if they are captured after one or more scatterings (and then having an energy E ). Consequently Monte Carlo simulation will be comparable with analytic formulae only if the tally corresponds to the initial energy of the neutron whatever its actual energy ('tof-fixed').
This means that time is fixed at the entrance in the sample and because the distance used to obtain an energy spectrum is fixed to the flight length, this corresponds to a simple simulation in energy tallying the score at the incoming neutron energy: this is fully consistent with the analytic formulae. On the other hand, if we want to simulate a time-of-flight experiment, we have to account for the actual neutron traveling time in the sample and to use a fixed distance (the flight length between neutron source and the entrance surface of the sample) to transform the time spectrum in an energy spectrum ('tof-varying'). These two kind of simulations are not the same but the difference is so tight that it can be detected only with a thick sample. This has to be kept in mind when we will compare analytic calculations, Monte Carlo simulations and time-of-flight measurements. The primary capture yield and single scattering corrections for a 0.5 cm thick 238 U cylindrical sample (n ∼ 3.10 −3 at/b) are calculated with analytic and stochastic schemes. The J π = 1/2 + s-wave neutron resonance at 36.7 eV is shown here. The radius of the sample is large enough compared to the beam radius that the Y 1 contribution can be calculated within the infinite approximation. Figure 1 shows a comparison of Y 0 calculated by applying Eq. (2) with NJOY based cross sections, by using the CONRAD 'analytic scheme' and by performing MC simulations either in time or in energy (see section 2). We can observe the slight discrepancy between the MC simulations for this kind of unusually thick sample. Here we concentrate on comparison between analytic and stochastic calculations: the agreement is excellent. Figure 2 shows the single scattering correction obtained without considering edge effects (infinite slab approximation) in the analytic calculation. The result of the MC simulation is in perfect agreement with that of the analytic scheme demonstrating the validity of the infinite approximation for this specific case. In addition we can disentangle the contributions of the captures after a backward scattering and those after a forward scattering. The different shapes are essentially due to the kinematics and the relative importance of the microscopic cross sections in the corresponding energy range. The results agree very well except for the double-plus scattering correction which is a well known crude approximation in the analytic schemes. Because this component is negligible in this kind of sample, there is only a little difference in the total capture yield. Figure 3 shows the comparison of the different computations. The J π = 2 − s-wave resonance of 55 Mn at 337.3 eV is studied in this section. The sample is a 3 mm thick cylinder (N ∼ 6.10 −2 at/b/cm). This sample and energy range is particularly suited to test the multiple scattering correction due to a strong scattering component of the resonance. Figure 4 shows the various components of the capture yield calculated with the MC schemes of CONRAD and SAMMY/SAMSMC (the only parameters of this single resonance are used here for a proper benchmark description). The relative magnitude of Y n is around 6 times higher than Y 0 (the neutron width Γ n (∼ 22 eV) is much stronger than the radiative capture width Γ γ (310 meV)), this is the reason why analytic schemes fail to reproduce the good shape of this yield [11] . Figure 5 shows a comparison of the capture yield calculated with the MC scheme of CONRAD using the whole set of resonances from JEFF-3.1.1 library and the preliminary results of the measurements from IRMM [12] . The shape is very well reproduced with the MC simulation, except in the wings. However,we have to keep in mind that there is no experimental resolution broadening in the calculation. The future works to be done in CONRAD concern among others the analytic Y 1 (with edge effects) and Y n and the use of a refined scattering kernel model such as the Doppler Broadening Rejection Correction (DBRC) model [13] in order to treat the resonant scattering in the Monte Carlo scheme.
